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Total lack of visual experience [dark rearing (DR)] is known to prolong the critical period and delay development of sensory functions in
mammalian visual cortex. Recent results show that neurotrophins (NTs) counteract the effects of DR on functional properties of visual
cortical cells and exert a strong control on critical period duration. NTs are known to modulate the development and synaptic efficacy of
neurotransmitter systems that are affected by DR. However, it is still unknown whether the actions of NTs in dark-reared animals involve
interaction with neurotransmitter systems. We have studied the effects of DR on the expression of key molecules in the glutamatergic and
GABAergic systems in control and NT-treated animals. We have found that DR reduced the expression of the NMDA receptor 2A subunit
and its associated protein PSD-95 (postsynaptic density-95), of GRIP (AMPA glutamate receptor interacting protein), and of the biosyn-
thetic enzyme GAD (glutamic acid decarboxylase).
Returning dark-reared animals to light for 2 hr restored normal expression of the above-mentioned proteins almost completely. NT
treatment specifically counteracts DR effects; NGF acts primarily on the NMDA system, whereas BDNF acts primarily on the GABAergic
system. Finally, the action of NT4 seems to involve both excitatory and inhibitory systems. These data demonstrate that different NTs
counteract DR effects by modulating the expression of key molecules of the excitatory and inhibitory neurotransmitter systems.
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Introduction
Total lack of visual experience strongly affects the development of
vision; the visual system remains primarily immature even after
the end of the critical period (Timney et al., 1978; Fagiolini et al.,
1994), as shown by the low visual acuity, large cortical receptive-
field size, and poor selectivity for orientation found in the visual
cortex of dark-reared (DR) animals. DR also prolongs the critical
period of visual cortical plasticity in response to monocular de-
privation and delays the developmental decrease of long-term
potentiation (LTP) in the visual cortex (Kirkwood et al., 1995).
Recent data demonstrate that total lack of visual experience
impairs neurotrophin (NT) signaling (Viegi et al., 2002). NTs are
in the position to act as mediators and modulators of electrical
activity in regulating visual cortical development. NTs are pro-
duced and released in an activity-dependent manner; their ex-
pression in the visual cortex depends on visual experience (Cas-
tren et al., 1992; Blochl and Thoenen, 1995; Bozzi et al., 1995),
and they control the development of the visual system (Berardi et
al., 1994; Berardi and Maffei, 1999; McAllister, 1999). In partic-
ular, blockade of endogenous NGF impairs development of vi-
sual acuity and prolongs the critical period (Berardi et al., 1994;
Domenici et al., 1994). In contrast, increased availability of NTs
counteracts the effects of DR. NT mechanisms of action in visual
cortical development, both physiological and in the case of absent
visual experience, are still unclear. It has been demonstrated re-
cently that NTs influence synaptic transmission and plasticity
(McAllister, 1999; Poo, 2001), and that NT availability regulates
the development of neurotransmitter systems in the visual cortex
(Huang et al., 1999). It is conceivable to hypothesize that NTs
could modulate DR effects by exerting their action on neuro-
transmitter systems. We therefore explored neurotransmitter
systems as possible targets of NT action in dark-reared animals,
studying the expression of synaptic molecules in the excitatory
and inhibitory circuitry in the visual cortex of DR rats, DR rats
briefly exposed to light, and DR rats after exogenous supply of
NTs (NGF, BDNF, and NT4). Among these molecules, we stud-
ied glutamate receptors, proteins promoting the adequate clus-
tering and targeting of glutamatergic receptors, and the GABA
biosynthetic enzyme glutamic acid decarboxylase (GAD). We
found that lack of sensory experience reduces the expression of all
these synaptic components in the visual cortex, and that each of
the exogenously supplied NTs is able to counteract these effects in
a specific manner.
Materials and Methods
Animal treatment. All animal experiments were performed according to
the guidelines in ophthalmic and vision research provided by the Asso-
ciation for Research in Vision and Ophthalmology and approved by the
Italian Ministry of Public Health.
Received Sept. 23, 2002; revised Feb. 11, 2003; accepted Feb. 19, 2003.
This work was supported by European Economic Community BioMed Contract BMH4-CT96-1604, Consiglio Na-
zionale delle Ricerche targeted project Biotechnology SP5, and Ministero dell’Universita´ e della Ricerca Scientifica e
Tecnologica, Programma di Ricerca di Interesse Nazionale (COFIN 2000/2002). Y.B. was supported by Telethon
Fellowship 461/bi. We thank Dr. D. Mercanti for supplying NGF and Regeneron Pharmaceuticals for supplying
human recombinant NT4 and BDNF.
Correspondence should be addressed to Dr. Alessandro Viegi, Istituto di Neuroscienze, Consiglio Nazionale delle
Ricerche, Moruzzi 1, 56100 Pisa, Italy. E-mail: viegi@in.pi.cnr.it.
Copyright © 2003 Society for Neuroscience 0270-6474/03/233566-06$15.00/0
3566 • The Journal of Neuroscience, May 1, 2003 • 23(9):3566 –3571
Long–Evans rats (n  41) were kept with their mother from birth to
postnatal day 30 (P30) in a dark room. Some of the animals were re-
exposed to light for 2 hr at P30. For NT treatment, osmotic minipumps,
connected to a stainless-steel cannula, were implanted at P23 under aver-
tin anesthesia in the visual cortex (1 mm lateral to lambda) of dark-reared
rats. The minipumps were filled with NGF (1 g/l; a kind gift from Dr.
D. Mercanti, Consiglio Nazionale delle Ricerche, Rome, Italy), human
recombinant BDNF (5 g/l; Regeneron Pharmaceuticals, Tarrytown,
NY), or NT4 (1 g/l; Regeneron Pharmaceuticals). Nonspecific effects
of implant were checked with infusion of cytochrome C (CYT, 5 g/l;
Sigma, St. Louis, MO). After implant, animals were returned to the dark
room until P30. Light-reared (LR) animals were either left untreated
(n 15) or infused with NTs or CYT for 1 week (from P23 to P30; n
12) to evaluate the effect of NTs on the visual cortex of animals reared
under normal conditions.
Immunoblotting and densitometry. Proteins were extracted from visual
cortices with lysis buffer (1% Triton X-100, 10% glycerol, 20 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 10 mM EDTA, 0.1 mM Na3VO4, 1 g/ml
leupeptin, 1g/ml aprotinin, and 1 mM PMSF), and the total concentra-
tion of the samples was assessed with a protein assay kit (Bio-Rad, Her-
cules, CA) using a BSA-based standard curve. Ten micrograms of pro-
teins were electrophoresed with 10% SDS-PAGE and transferred to
nitrocellulose. Blots hybridized with monoclonal antibodies were
blocked with 3% BSA (Sigma) and 0.15% Tween 20 in TBS for 2 hr and
incubated with anti-postsynaptic density (PSD)-95 (Upstate Biotechnol-
ogy, Lake Placid, NY) and anti-glutamate receptor-interacting protein
(GRIP) (Transduction Laboratories, Lexington, KY), diluted at 1 g/ml
in TBS with 2% BSA and 0.1% Tween 20. Blots hybridized with poly-
clonal antibodies were blocked with 4% dry milk powder (Bio-Rad) and
0.2% Tween 20 in TBS for 2 hr and incubated overnight at 4°C with
anti-NMDA receptor 2A (NR2A) (Upstate Biotechnology) and anti-
GAD65/67 (Chemicon, Temecula, CA), all diluted at 1g/ml in TBS, 2%
milk, and 0.1% Tween 20. After washing, blots were incubated for 1 hr at
30°C with HRP-conjugated secondary antibody (0.3 g/ml goat anti-
mouse for anti PSD-95 and anti-GRIP; 0.3 g/ml goat anti-rabbit for
anti-NR2A and anti-GAD65/67; Bio-Rad), developed by the ECL system
(Amersham Biosciences, Little Chalfont, UK), and captured on autora-
diographic films.
To account for loading errors, all filters were stripped with Re-Blot
(Chemicon), blocked with 4% dry milk powder and 0.2% Tween 20 in
TBS for 2 hr, and reprobed overnight at 4°C with anti-glucose-6-
phosphate dehydrogenase (G-6-PDH; diluted 1 g/ml in TBS, 2% milk,
and 0.1% Tween 20; Sigma). The following day, blots were incubated
with HRP-conjugated secondary antibody (goat anti-rabbit) as described
for other antibodies.
Films were digitized with a camera and band optical densities (ODs)
relative to the proteins of interest, and corresponding G-6-PDH internal
standards were measured with Microcomputer Imaging Device software
(Imaging Research, St. Catharines, Ontario, Canada). For each sample
(corresponding to the visual cortex of a single animal), we calculated the
ratio of protein to G-6-PDH OD values, and these numbers were used to
calculate the mean  SEM. Finally, these values were normalized with
respect to a LR control run on the same gel, and results were presented as
a percentage of LR values.
Results
We investigated whether total lack of visual experience affects the
expression of specific synaptic proteins in the inhibitory and ex-
citatory systems and whether NTs counteract DR effects. We used
Western blot analysis to determine changes in the level of expres-
sion of NR2A subunit and PSD-95 in the NMDA system, of GRIP
in the AMPA system, and of GAD for the inhibitory system. By
means of densitometric analysis of immunoblot films, we quan-
titatively evaluated DR effects on these molecules in protein ex-
tracts prepared from the visual cortex of P30 LR and DR animals,
P30 DR animals briefly re-exposed to light, and P30 DR animals
after exogenous supply of NTs.
Dark rearing reduces the expression of molecules in the
excitatory and inhibitory system
NR2A
For the NMDA receptor system, we analyzed the NR2A subunit,
known to be affected by sensory experience (Quinlan et al., 1999;
Philpot et al., 2001). In accordance with Quinlan et al. (1999), we
found that NR2A levels were significantly decreased in DR com-
pared with normal animals by30% (Fig. 1a) (mean normalized
OD for LR animals, 100, n 12; for DR animals, 69.3 0.94, n
11; t test; p 0.05).
PSD-95
PSD-95 is a protein associated with the NMDA receptor complex,
proposed to be important in coupling NMDA receptors to path-
ways that control synaptic plasticity (Migaud et al., 1998). We
looked at the experience-dependent expression of PSD-95 and
found that DR influenced its levels even more than those of the
NR2A subunit (Fig. 1b) (mean normalized OD for LR animals,
100, n 12; for DR animals, 25.14 3.6, n 11; t test; p 0.05).
GRIP
AMPA receptors have been unquestionably implicated as impor-
tant players in synaptic plasticity (Carroll et al., 2001). We found
that lack of visual experience causes a decline in GRIP expression to
72% of the LR value (Fig. 1c) (mean normalized OD for LR animals,
100, n 8; for DR animals, 71.6 6.9, n 5; t test; p 0.05).
Figure 1. DR reduces the expression of synaptic proteins in the glutamatergic and GABAergic
system, and visual experience rapidly restores the glutamatergic system. a– d, Quantitative
immunoblotting was performed on protein extracts prepared from visual cortices of LR rats
(n12), DR rats (n11), or DR rats exposed to light for 2 hr (n3) for NR2A ( a), PSD-95 ( b),
GRIP ( c), and GAD ( d) (asterisks indicate significant difference vs LR; t test; p 0.05). Data are
presented as percentage of OD values measured in LR rats (mean SEM). Arrows indicate
bands relative to the proteins of interest; arrowheads indicate G-6-PDH.
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GAD65/67
The maturation of the inhibitory system is
critical for the development of visual cor-
tical properties and plasticity (Hensch et
al., 1998; Fagiolini and Hensch, 2000) and
is crucial for critical period closure
(Huang et al., 1999). To investigate the ef-
fects of DR on the GABAergic system, we
assessed the expression of the GABA-
synthesizing enzyme GAD. We found that
DR reduces GAD expression by 60%
(Fig. 1d) (mean normalized OD for LR an-
imals, 100, n  12; for DR animals, 40 
5.4, n 11; t test; p 0.05).
Visual experience rapidly restores the
expression of synaptic proteins in the
excitatory system but not the expression
of GAD65/67
A brief re-exposure to light is sufficient to
rescue visual properties in DR animals
(Buisseret et al., 1978; Cynader, 1983) and
re-establish normal levels of expression of
NR2A subunit in the visual cortex (Quin-
lan et al., 1999; Philpot et al., 2001). To
evaluate whether sensory experience
might rapidly restore the effects of DR on
the expression levels of all synaptic pro-
teins examined, DR animals were exposed
to light for 2 hr. This brief exposure was
sufficient to completely rescue the deficit
observed for NR2A (Fig. 1a) (mean nor-
malized OD for DR plus 2 hr light, 90.7
0.75, n 3; LR, 100, n 12), PSD-95 (Fig.
1b) (mean normalized OD for DR plus 2
hr light, 82.6  8.9, n  3; LR, 100, n 
12), GRIP (Fig. 1c) (mean normalized OD
for DR plus 2 hr light, 102.9  9.6, n  2; LR, 100, n  8).
GAD65/67 protein levels were not substantially affected by this
brief visual experience (Fig. 1d) (mean normalized OD for DR
plus 2 hr light, 51.5 0.5, n 3; LR, 100, n 12; p 0.05).
NGF, BDNF, and NT4 differentially rescue dark rearing
effects on the glutamatergic and GABAergic system
We know that NTs counteract the effects of DR (Fagiolini et al.,
1997; Pizzorusso et al., 2000). Given the known influence of NTs
on synaptic transmission (Poo, 2001), we investigated whether
NTs might distinctively rescue the expression of the synaptic pro-
teins of the excitatory and the inhibitory system analyzed so far.
We administered NTs in the visual cortex of DR rats by means of
osmotic minipumps from P23 to P30 and then assessed the ex-
pression of NR2A, PSD-95, GRIP, and GAD65/67 as described
previously.
As shown in Figure 2a, NGF seems to be able to counteract the
DR effect on NR2A subunit expression; NR2A levels in NGF-
treated DR animals are not significantly different from those
found in LR ones (mean normalized OD for DR plus NGF,
91.1 2.1, n 9; LR, 100, n 12). This effect is not caused by the
procedure of minipump implant, because it is absent in CYT-
treated rats (mean normalized OD for DR plus CYT, 68.2 2.1,
n 4). BDNF and NT4 exogenous supply does not restore NR2A
expression to normal levels (mean normalized OD for DR plus
BDNF, 65.3 1.55, n 6; DR plus NT4, 52.6 12.6, n 3).
NGF is also able to attenuate the effect produced by DR on
PSD-95 expression (Fig. 2b) (mean normalized OD for DR plus
NGF, 50.2 2.6, n 9; LR, 100, n 12). BDNF does not show
any effect on PSD-95 (Fig. 2b) (mean normalized OD for DR plus
BDNF, 24.6  6.8, n  6), whereas NT4 has effects comparable
with those of NGF (Fig. 2b) (mean normalized OD for DR plus
NT4, 63.8  4.8, n  6). Also, in this case, CYT treatment is
completely ineffective (OD for DR plus CYT, 26 5.5, n 4).
All NTs appear to exert a role in rescuing the DR-induced
decrease in GRIP expression. In particular, NGF and BDNF show
a strong effect. When they are exogenously supplied, GRIP ex-
pression reaches higher levels than those present in age-matched
LR controls (Fig. 2c) (mean normalized OD for DR plus NGF,
182.4 19.5, n 3; OD for DR plus BDNF, 217.47 4.8, n 3;
OD for LR, 100, n 8). GRIP levels go back to their physiological
values by infusing NT4 (Fig. 2c) (mean normalized OD for DR
plus NT4, 97.2  14, n  3). No effect was observed in CYT-
treated animals (OD for DR plus CYT, 74.6 9.7, n 4).
We found that BDNF reverses the effects of DR on GAD65/67
levels, bringing them back to LR values (Fig. 2d) (mean normal-
ized OD for DR plus BDNF, 86.1 6.2, n 6; OD for LR, 100,
n 12). Also, NT4 shares tropomyosin-related kinase B (TrkB)
receptors with BDNF and shows a similar rescuing effect (Fig. 2d)
(mean normalized OD for DR plus NT4, 116.3  4.1, n  3).
Conversely, NGF does not at all influence GAD65/67 expression
(Fig. 2d) (mean normalized OD for DR plus NGF, 41.5 2.9, n
Figure 2. NGF, BDNF, and NT4 differentially rescue DR effects on the glutamatergic and GABAergic system. Protein extracts
prepared from visual cortices of DR rats and infused with NGF or with BDNF, NT4, or CYT from P23 to P30 were immunoblotted for
NR2A ( a), PSD-95 ( b), GRIP ( c), and GAD ( d). Data concerning synaptic protein expression levels in LR and DR animals were the
same as shown in Figure 1 (one-way ANOVA; p0.001; asterisks indicate significant difference vs LR rats in Tukey test; p0.05).
Data are presented as percentage of OD values measured in LR rats (mean SEM). Arrows indicate bands relative to the proteins
of interest; arrowheads indicate G-6-PDH.
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9). Again, CYT treatment is ineffective (OD for DR plus CYT,
48.3 9.5, n 4).
The specific effects of NGF, BDNF, and NT4 on the expression
of the synaptic molecules examined in DR rats are summarized in
Table 1.
NT infusion does not influence the expression of NR2A,
GRIP, PSD-95, and GAD65/67 in the visual cortex of LR rats
To investigate whether NT administration per se in LR animals
could modulate the expression of the proteins analyzed, we in-
fused NGF, BDNF, NT4, and CYT (as a control) in LR rats (n
3 animals per treatment group). We found that expression of
NR2A, PSD-95, GRIP, and GAD did not show any statistically
significant difference with respect to the controls. Mean SEM
OD values (normalized to CYT-treated cortices, 100%) in LR
animals treated with NGF, BDNF, or NT4 were, respectively:
NR2A, 103.5 13.8, 97.9 10.5, 107.5 26.1; PSD-95, 95.1
11.9, 96.1  10.5, 91.7  2.7; GRIP, 102.9  23.7, 92.4  4.2,
93.9 9.1; GAD65/67, 92.7 7.4, 99.9 10.7, 100.6 8.4.
Discussion
Dark rearing reduces the expression of synaptic proteins in
the glutamatergic and GABAergic systems
Rearing animals in complete darkness from birth provides a use-
ful way to study how sensory experience exerts an influence on
the physiological, anatomical, and molecular properties of the
visual system. In this experimental paradigm, we observed a de-
creased expression of all synaptic molecules examined. The de-
crease could be a general consequence of the total absence of
sensory input caused by the delayed maturation of visual cortex
induced by DR. Alternatively, it might represent the cause of at
least some of the effects observed in DR rats. Although our results
cannot discriminate between these two possibilities, they point
out that the expression of different sets of molecules is regulated
by visual experience.
It has been proposed that sensory deprivation acts on the
experience-dependent rearrangements of synaptic connections
required to form precise sensory maps (Lendvai et al., 2000).
Under this light, the study of molecular changes occurring at
synaptic sites could provide an explanation for the modulation of
synaptic strength that is crucial for synaptic plasticity.
Visual experience rapidly restores the expression of synaptic
proteins in the excitatory system but not the expression of
GAD65/67
A brief visual experience after DR is able to restore the expression
of the examined molecules in the glutamatergic system at values
comparable with those found in the visual cortex of age-matched
LR animals. This has been observed previously by Quinlan et al.
(1999) for NMDA NR2A subunit, but it occurs also for PSD-95
and GRIP.
Interestingly, the same brief light exposure does not restore
GAD65/67 expression in DR rats. A possible explanation is that
because the inhibitory system maturation is slower than that of
the excitatory system, the GABAergic system of DR rats could be
not ready to promptly respond to sensory experience. Indeed,
Morales et al. (2002) showed that the reduction of IPSC magni-
tude observed in DR rats was reversed after a time as long as 2 d of
exposure to light. These data suggest that the experience-
dependent rescue of GABAergic function after DR is a slow pro-
cess, which is likely to require the resynthesis of key molecules of
GABA-mediated neurotransmission (such as receptors and bio-
synthetic enzymes). However, it could also be possible that the
postsynaptic machinery (involving NR2A, PSD-95, and GRIP)
responds faster than the presynaptic element to those changes
that are associated with a brief alteration of sensory experience.
Dark rearing influences the expression of synaptic proteins in
the glutamatergic and GABAergic systems by a specific
neurotrophin-dependent mechanism
The results reported demonstrate that visual experience regulates
the expression levels of the glutamatergic and GABAergic mole-
cules examined. We tested the involvement of NTs in controlling
these events. We found that NT infusion in DR animals affects in
a specific manner both the glutamatergic and the GABAergic
synaptic proteins. In contrast, administration of NTs in the visual
cortex of LR animals did not alter the expression of NR2A, PSD-
95, GRIP, and GAD65/67. This suggests that the increase in
NR2A, PSD-95, GRIP, and GAD65/67 expression obtained with
NT supply to DR animals is attributable to compensation of a
deficit in endogenous NT function induced by DR, rather than to
a general ability of NTs to upregulate the expression of these
molecules. Indeed, it is known that DR strongly downregulates
signal transduction pathways of NTs (Viegi et al., 2002). Thus,
exogenous administration of NTs in DR animals would contrib-
ute to restore normal levels of NT-mediated signaling. In animals
reared under conditions of normal visual experience, NT func-
tion is normal, and visual cortical neurons might not be prone to
increase the expression of specific molecules of neurotransmitter
systems in response to increased NT levels. Indeed, data from the
literature indicate that the effects of the exogenous supply of NT
are primarily directed on neuropeptide expression, and few ex-
amples of effects on synaptic receptors are reported. BDNF and
NT4 upregulate neuropeptide expression in the dopaminergic
system (Arenas et al., 1996), whereas in the visual cortex, BDNF
and NT4 upregulate NPY expression (Croll et al., 1994; Nawa et
al., 1994; Lodovichi et al., 2000). BDNF also modulates AMPA
but not NMDA receptors in neocortical neurons (Narisawa-Saito
et al., 1999).
NGF
NGF seems to be the elective trophic factor for the NMDA sys-
tem. In fact, it is able to recover the effect produced by DR on
NR2A and PSD-95 expression. We could suppose that the effect
of NGF on NR2A expression in DR rats might affect LTP in the
visual cortex. In the rat visual cortex, LTP is maximally expressed
after eye opening and progressively downregulated thereafter to
disappear after P30, in perfect timing with the closure of the
critical period. Pesavento et al. (2000) showed that LTP expres-
sion is blocked by local application of exogenous NGF at an early
stage of postnatal development. Interestingly, there exists a con-
nection between the developmentally regulated LTP and PSD-95.
Migaud et al. (1998) found that in hippocampal slices from
PSD-95 mutant mice, some components of the signaling com-
plex that elicit LTP and trigger long-term depression are lost. The
decreased PSD-95 and NR2A expression is probably the reason
why DR animals show a retarded loss of LTP during develop-
ment. NGF also exerts a strong action on the key molecule GRIP,
Table 1. Effects of NTs on different synaptic proteins in the visual cortex of DR rats
NGF BDNF NT4
NR2A   
PSD-95   
GRIP   
GAD   
Cotrufo et al. • Neurotrophin Effects on Synaptic Protein Expression in DR Rats J. Neurosci., May 1, 2003 • 23(9):3566 –3571 • 3569
which is involved in AMPA recycling. This result should not be
surprising in light of the “silent synapse” hypothesis. One of the
mechanisms proposed to explain the silent synapse hypothesis
for the expression of synaptic potentiation is based on continu-
ous recycling of AMPA receptors in and out from the synaptic
membrane (Liao et al., 1995). According to this hypothesis, NM-
DAs and AMPAs should communicate with each other to decide
the right time for the switch from silent to functional synapses. In
fact, changes in NMDA receptor properties may have a large
impact on experience-dependent regulation of AMPA receptor-
mediated responses (Hayashi et al., 2000).
BDNF
BDNF exogenous administration does not have any effect on the
expression of proteins belonging to the NMDA receptor complex
(NR2A and PSD-95). BDNF, as well as NGF, produces an over-
shoot of GRIP expression. Because NMDA and AMPA systems
are functionally (Hayashi et al., 2000) and structurally (Tu et al.,
1999) correlated, we can suppose that NGF exerts its role on
GRIP by acting on the NMDA system, whereas BDNF acts more
directly on the AMPA system without interfering in NMDA re-
ceptor complex expression.
The role of BDNF on the GABAergic system is already well
recognized. BDNF acts on GABAergic differentiation (Marty et
al., 1996). BDNF has been shown to promote GABA release from
cortical synaptosomes (Sala et al., 1998) and in transgenic mice
overexpressing BDNF; there is an accelerated rate of maturation
of the GABAergic system, which is accompanied by a premature
end of the critical period (Huang et al., 1999). Our demonstration
that exogenous administration of BDNF in the visual cortex of
DR rats during the critical period can restore normal levels of
GAD65/67 supports the notion that BDNF is crucially involved in
the regulation of the GABAergic system.
In addition, GRIP1 was surprisingly found in GABAergic syn-
apses, indicating that it might regulate both excitatory and inhib-
itory synaptic function (Dong et al., 1997). These evidences sup-
port the hypothesis that the effects of BDNF on the modulation of
GRIP expression pass through the AMPA and/or the GABAergic
system. In this respect, it would be of extreme interest to investi-
gate whether BDNF-mediated upregulation of GRIP is restricted
only to GABA-positive neurons in the visual cortex of DR rats.
The BDNF-dependent upregulation of both GRIP and GAD
observed in the visual cortex of DR rats suggests that BDNF could
act in a dual way to modulate cortical inhibition, by regulating the
expression of key molecules of both the AMPA and GABA system
expressed by GABA neurons. Indeed, recent work showed that
BDNF is involved in synapse scaling, a homeostatic process of
synaptic plasticity originally described in cultured cortical net-
works (Turrigiano et al., 1998) and shown recently to be present
also in the developing visual cortex in vivo (Desai et al., 2002). In
particular, it has been proposed that in cultured cortical net-
works, synaptic scaling occurs through the activity-dependent
release of BDNF from pyramidal cells, which results in GABA
neuron activation to maintain the balance between cortical exci-
tation and inhibition (Rutherford et al., 1998).
NT4
Our results demonstrate that NT4 regulates the expression of key
molecules of both the excitatory and inhibitory system. NT4 ex-
ogenous administration counteracts DR effects on PSD-95 but
not on NR2A in the NMDA system. Surprisingly, even if an NT4-
dependent increase in PSD-95 expression does not reach the LR
control values, its effect is larger than that produced by NGF.
NT4, like BDNF, also counteracts DR-induced downregulation
of GRIP and GAD. This effect could be caused by signaling path-
ways downstream to the TrkB receptor, shared by NT4 and
BDNF. We speculate that both endogenous TrkB ligands could
act on the same neurotransmitter systems (i.e., AMPA and
GABA) to modulate plastic modification of visual cortical cir-
cuitry during the critical period. Indeed, TrkB signaling is clearly
involved in ocular dominance column formation (Cabelli et al.,
1995, 1997) and is necessary for the expression of LTP in the
visual cortex during postnatal development (Sermasi et al., 2000).
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